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Abstract
The reduction of RC time delay is critical in high speed and ultra density sub­
micron devices. One of the ways to reduce RC time delay is to use fluorinated silicon 
oxide (SiOF) Film as an intermetal dielectric material and Cu as an interconnect metal.
In this study, the chemical and electrical properties of the SiOF films prepared 
by plasma enhanced chemical vapor deposition were studied, then the optimized film 
was integrated with Cu using Ta as a diffusion barrier.
The deposition of the SiOF films was made by incorporating CF4 as the fluorine 
source into the deposition process of Si0 2  films using Si2H6 and N2O as the silicon and 
oxygen precursors, respectively.
The SiOF film deposited at 180 °C by flowing 40 seem of Si2H6 (5% in He), 
100 seem of N2O and 30 seem of CF4 with 700 mTorr of chamber pressure and 50 W of 
rf power showed that the relative dielectric constant decreased to 3.5 due to the 
incorporation of fluorine. Further study showed that the addition of Ar into the 
deposition process o f SiOF film improved the stability of the film with producing lower 
relative dielectric constant of 3.4.
vi
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Then, Ta was sputtered on the optimized film with a relative dielectric constant 
of 3.4, followed by Cu sputtering. To investigate thermal stability, the film s were 
annealed in the temperature range of 300 - 800 °C for 1 hr in N2 ambient. The results of 
four-point probe, x-ray diffraction (XRD), and capacitance voltage (C-V) and current 
voltage (I-V) measurements suggest the structure of Cu/Ta/SiOF film is thermally 
stable up to 700 °C.
vii
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Chapter 1 
Introduction
1.1 Overview
As multilevel interconnections are required for very large scale integration 
(VLSI) technology, the role of intermetal dielectric (IMD) materials has become more 
important. Since the signal transmission rate within a device is related to the delay 
constant, RC = p me rL /T j (w here R = resis tan ce  of the in terconnect m etal, 
C = capacitance o f IMD material, pm =  sheet resistance o f the interconnect, 
er=dielectric constant of the IMD m aterial, L=length of the interconnect, and 
Td=thickness o f the IMD material) [1], the IMD material with a low dielectric constant 
and the interconnect metal with a low resistance are preferably used. One o f the IMD 
materials that has received much attention is fluorinated silicon oxide (SiOF) Films, 
where the incorporation of fluorine causes changes in Si-O network to a less polarizable 
geometry resulting in a reduction of the dielectric constant [2]. In addition to reducing 
the dielectric constant, the SiOF Films have been observed to improve step coverage [3]. 
There are also economic reasons for the SiOF films to have attracted immense interest
1
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for IMD application. First, precursors for depositing SiOF films are readily available 
and are inexpensive when compared to exotic polymeric materials. Second, they can be 
used as a direct replacement in existing process tools making process integration very 
economical [I].
As a way to deposit SiOF films, plasm a enhanced chemical vapor deposition 
(PECVD), where an rf discharge supplies an additional energy to promote the chemical 
reaction, has been preferably used. The conventional approach to PECVD is based on 
parallel plate reactor that employs a capacitive coupling of rf power into a glow 
discharge under the environment that contains a gas mixture appropriate for the growth 
of a particular insulating film.
Another way to reduce RC time delay is to use Cu as an interconnect metal. 
Copper as an interconnect metal with a low sheet resistance has attracted much attention 
recently. Not only does Cu increase the chip speed, but it also provides other advantages 
such as reducing the number o f metal layers, minimizing power dissipation, and 
improving reliability in that it is resistant to electromigration [4].
1.2 Brief History of Fluorine-Containing Oxide Films
With the needs of new processing technologies and materials to achieve better 
dielectric films, many processes inadvertently introduced fluorine regardless o f its 
consequences. Recently, fluorine, which was introduced through ion implantation to 
gate oxide, was found to have caused an improvement in interfacial properties resulting 
in improvement of resistance to irradiation [5], It was shown that the bonding of
2
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fluorine to dangling and weakened bonds in Si-O network caused more immune 
geometry to hot electrons, thus improving overall quality of the insulating film [5]. 
More recently, many reports indicated that dielectric constant of the conventional SiC>2 
films was decreased by incorporating fluorine into the films [6  -  9]. It was supposed 
that the incorporation of fluorine changed Si-O network to less polarizable geometry. 
As a result, the dielectric constant lower than the thermally grown oxide, value of 3.9 
was achieved. Some reports also showed that the gap-filling property and planarizability 
of the fluorine-containing oxide films are better than conventional Si0 2  films [6 ]. A 
variety o f different precursors and process technologies for the deposition of SiOF are 
shown in Table 1.1 [1].
1.3 Fundamentals on Plasma Deposition
1.3.1 Fundam ental Concepts and Properties o f Plasm a
Plasma can be defined as a partially ionized gaseous medium that contains 
charged particles (ions and electrons) [10]. The primary role of plasma is to produce 
chemically active species that react subsequently [11]. In a plasma deposition process, 
the electrons that are accelerated by applied electric field introduce energy to the gas 
through elastic and inelastic collisions. Plasma can be grouped into two generic 
categories as nonequilibrium (nonisothermal) and equilibrium (isothermal) [ 10 , 12 ]. 
These two different types of plasmas are explained below [10], For nonequilibrium 
plasma generated at pressure (0.5 -  500 mTorr), free electrons are accelerated to high 
energies ( 1 - 1 0  eV) under conditions o f high electric field. However, neutrals and ions
3
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TABLE 1.1 Dielectric Constant for SiOF Filins Using Inorganic Precursors [1].
Precursor Deposition
Process
Dielectric
Constant
Si(OC2H5)4+C2F6 PECVD 3.6
Si(OC2H5)4 +CF4  or NF3 PECVD 3.4
Si(0C2H5>4+02+C2F6 PECVD 3.2-3.7
SiF4+SiH4+02 ECR-PECVD 3.0-3.2
SiF4+02 ECR-CVD 3.7
FSi(0C2H5)3+02 PECVD 3.6
FSi(OC2H5)3+H20 APCVD 3.7
Si(OC2H5>4 -  Tetraethylorthosilicate (TEOS)
C2F6 -  Hexafluoroethane
CF4 -  Tetrafluoromethane
NF3 -  Nitrogen Trifluoride
SiF4 -  Silicon Tetrafluoride
SiH4  — Silane
FSi(OC2H5>3 -  Fluorotriethoxysilane (FTES)
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in the nonequilibrium plasma have low energy (a few hundredth of eV) because of their 
large mass. This energy difference results in a high temperature for the electrons and a 
low temperature for the neutrals and ions. The initiation of chemical reactions occurs by 
collisions with the electrons under the nonequilibrium condition. This allow s the 
deposition process tem perature to be much lower than in conventional thermal 
processes using sim ilar chem istry. On the contrary, all species have the same 
temperature in the equilibrium plasma due to the shorter mean free path of particles and 
higher collision frequency characterizing higher pressure condition [ 10].
During the plasma deposition process, collisions between electrons and gas 
molecules can be characterized as elastic and inelastic [11]. In the elastic collision, only 
a small amount of energy is transferred from electrons, while the inelastic collision 
involves much larger energy. The inelastic collisions lead to rotational, vibrational, and 
electronic excitation as well as dissociation and ionization [10]. During inelastic 
collisions, the energy that was transferred from electrons to gas molecules is channeled 
into the various degrees o f freedom of the target species. Some examples of the main 
chemical events that occur due to inelastic collisions by electron impact are shown 
below [ 1 0]:
Dissociation e + AB —» A + B + e.
Ionization e + AB —> AB+ + 2e.
Dissociative ionization e + AB —> A+ + B + 2e.
Attachment e + AB —> AB'.
Dissociative attachment e + AB —> AB* A* +  B.
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1.3.2 M echanism  o f Plasm a Deposition
The precursors that are introduced into deposition chamber are molecular 
compounds and a variety o f species are produced by the electron impact [13]. As the 
molecular dissociation energy is significantly lower than ionization energy, the density 
o f neutral radicals is much higher than that of ionic species. Therefore, film is 
predominantly formed by the bonding of neutral radicals to the surface of growing film. 
In general, the deposition mechanism of plasm a deposition processes can be 
summarized into four major steps as follow [ 11]:
(1) The primary reaction between electrons and precursors in the plasma to 
produce ions and free radical reactive species.
(2) The transport o f reactive species from the plasma to the substrate surface in 
parallel with various secondary inelastic and elastic reactions. Steps 1 and 2 
occur in plasma glow discharge and sheath regions and can be classified as 
radical and ion generation steps in plasma.
(3) The reaction or absorption of reactive species (radical absorption and ion 
incorporation) onto the substrate surface. Although ion bombardment during 
film growth can affect the properties o f the film, ions do not make a 
significant contribution to the film growth [13].
(4) The rearrangement process of reactive species on the growing film or their 
re-emission from the surface back into the gas phase. Steps 3 and 4 involve 
various heterogeneous reactions and interactions between ions and radicals 
with the surface in the sheath region.
6
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1.4 Molecular Structure of SiOF System
In the SiOF films, F atoms replace OH groups of hydrogenated S1O2 , thus the 
characteristic peak of Si-F bond stretching vibration mode (940 cm-1) is observed 
approximately at the same frequency as that of the Si-OH vibration mode (920 cm '1). 
This is consistent with the near equivalence of the masses of F (19 amu) and OH (17 
amu) [2]. Figure 1.1 shows a schematic representation of the local atomic bonding of 
Si-F group in Si0 2  host. Fluorine is the most electronegative element, thus the electrons 
of Si-O bonds are expected to make charge transfer to the fluorine sites more likely 
[14]. As the result, the incorporation of fluorine lowers the dielectric constant of the 
film. It is suggested that Si-F bonding contributes to the reduction in dielectric constant 
in two ways [15]: First, the highly electronegative fluorine draws electrons closer to 
itself. This will result in a change of Si-O network from tetrahedral to a more planar 
orbit that is less polarizable. Second, the replacement of the highly polarizable OH 
groups also reduces the poiarizability of the overall Si-O network. It is assumed that Si- 
F bonds in the CVD SiOF films are formed mainly by two reactions below [16].
( 1) homogeneous reaction in the plasma; the active fluorine and oxygen atoms 
react with silicon source, which results in the formation and subsequent 
deposition of SiOF species.
(2 ) heterogeneous reaction on film surface; the active fluorine is absorbed on the 
deposited film physically and chemically and the nonvolatile fluoride 
remains in the film during the subsequent deposition. The volatile fluoride
7
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SiC>4 tetrahedral structure Distorted tetrahedral structure with F
Fig. 1.1 Schematic representation of the local atomic bonding of Si-F groups in SiC>2 
host.
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tends to etch the film at the same time. Most o f the volatile fluoride becomes depleted 
during the film deposition, leading to a low but stable fluorine concentration in the 
SiOF film.
1.5 Tantalum as a Diffusion Barrier
The reduction of RC time delay is critical in high speed and ultra density sub­
micron devices. One o f the ways to reduce RC time delay is to use Cu as an 
interconnect metal and the SiOF film as an intermetal dielectric.
Recently, Cu has drawn strong attention as a new interconnect metal as a 
replacement for A1 and its alloys. The several superior properties of Cu over A1 and its 
alloys, such as lower resistivity, lower electromigration, and stress migration resistance 
generated major motivation for this replacement [17]. Copper causes some problems, 
however, such as high diffusivity in Si and Si0 2 , susceptibility to oxidation and 
corrosion, and high chem ical reactivity. Therefore, it is necessary to consider a 
diffusion barrier for Cu in Si integrated circuit application [18].
A consideration for the choice of a barrier metal for Cu is that it must be 
metallurgically stable with respect to Cu that carries current. Among various barrier 
metals for Si and SiC>2 , Ta is one of the most promising candidates for barrier metal 
because of the low diffusion coefficient of Cu in Ta and its strong thermodynamic 
stability [19]. In addition to this, it is also known that Ta forms no known compounds 
with Cu, therefore the Cu-Ta contact is expected to be stable up to high temperatures 
[20].
9
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1.6 Research Objectives
The research described here is directed towards characterizing the chemical, 
physical, and electrical properties o f PECVD SiOF films by incorporating CF4  as a 
fluorine source into the deposition process of Si0 2  using Si2H6 and N2O precursors as 
silicon and oxygen sources, respectively. The optimized SiOF film is, then, integrated 
with Cu using Ta as a diffusion barrier for a possible application to IMD material in 
semiconductor industry.
In chapter 2, the effect of fluorine on PECVD Si02 films are discussed by 
comparing the chemical and electrical properties of the SiOF films with those o f Si02 
films that are produced under the same process conditions without fluorine source. The 
comparison of the relative dielectric constant and breakdown field strength is presented.
In chapter 3, the characteristics of the SiOF films deposited in the temperature 
range of 80 -  220 °C is discussed. The dependence of chemical and electrical properties 
of the SiOF films on deposition temperature is discussed.
In chapter 4, the dependence of chemical and electrical properties o f the SiOF 
films on the flow rate of CF4 is discussed. The results of Fourier transform infrared 
(FTIR) spectroscopy and C-V and I-V measurements obtained from m etal-oxide 
semiconductor (MOS) capacitors are presented.
In chapter 5, the moisture absorption problem in SiOF film is presented. It is 
demonstrated that the addition of Ar during the deposition process of SiOF film reduces 
moisture absorption.
10
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In chapter 6 , the optimized SiOF film derived from the processes described in 
above chapters is integrated with Cu using Ta as a diffusion barrier. The thermal 
stability of Cu/Ta/SiOF structure is discussed.
Chapter 7 gives summary and conclusion of this research.
1.7 Deposition and Characterization Equipment
The deposition equipment utilized for the deposition of SiOF film, Cu, and Ta 
and the characterization equipment to investigate their chemical, physical, and electrical 
properties are briefly presented below.
1.7.1 Deposition Equipment and Experim ental Procedures 
• PECVD SiOF Film Deposition
The deposition of the SiOF films was carried out by a conventional parallel plate 
Plasma-Therm model VU-70 PECVD system with 2.54 cm electrode spacing, which 
uses a 13.56 MHz rf source with maximum power of 500 W. One-side polished, boron- 
doped silicon wafers with (100) orientation was used as substrates. Prior to substrate 
loading into the deposition chamber, RCA cleaning [21] is performed. First, the wafers 
were dipped into the solution composed of [H2O.H2O2 (30%):NH4OH(27%)=5:1:1 by 
volume] for 10 min at 75 °C to remove organic contaminants. After rinsing with 
deionized water, the wafers were dipped into a solution composed of [H2 0 :H2C>2 
(30%):HC1(37%)=6:1:1 by volume] for 10 min at 75 °C to remove m etallic 
contaminants. The deposition of SiOF films was carried out by incorporating CF4  as the 
fluorine source into the deposition chamber for Si0 2  films using Si2H6 and N 2O.
1 1
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•  Tantalum and Copper Sputtering
Tantalum and Cu were deposited onto SiOF Him substrate at 100 °C by Edwards 
Coating System E306A. Tantalum of 150 nm thickness was deposited onto SiOF 
substrate by dc magnetron sputtering in the power range of 50 -  200 W, then 
immediately without breaking the vacuum, Cu o f 160 nm was deposited onto Ta layer 
by rf sputtering. Argon of 50 seem was used as the sputtering gas and its pressure was 
maintained at 10 mTorr during deposition.
1.7.2 Film  Characterization
•  Thickness and Refractive Index Measurement
Applied Materials ellipsometer II was used to measure the thickness o f the 
deposited SiOF films and to determine the refractive indices o f the films. This 
instrument utilizes He-Ne laser source at 632.8 nm wavelength.
•  Etch Rate Measurement
The etch rate of the deposited SiOF films was measured in P-etch solution [HF 
(4 8 % ):HN 0 3  (70%):H2O=3:2:60 by volume]. The P-etch solution is known to be 
sensitive to density, bond strain, and impurities in oxide films [2 2 ].
•  Composition and Bonding Analysis
The composition and bonding analysis o f the deposited SiOF film s was 
perform ed by examining FTIR spectra observed by a Perkin Elm er model 1600 
spectrometer with a resolution of 4 c m 1.
12
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• High Frequency C-V Measurement
In order to perform high frequency C-V measurements, MOS capacitors were 
fabricated by standard photolithography technique using the deposited SiOF films. For 
the metal contact, A1 with =300 nm thickness was thermally evaporated. The high 
frequency C-V measurement was performed by superimposing a 25 mV ac signal at 1 
MHz on a dc voltage with a sweep rate o f 20 mV/sec using HP 4275A LCR meter and 
HP 4 MOB pA meter-dc voltage source.
• Ramp I-V Measurement
The ramp I-V measurement was carried out on the MOS capacitors by applying 
a dc voltage with a ramp rate of 1 V/sec using a HP 4 MOB pA meter-dc voltage source. 
By performing this measurement, the leakage current and average breakdown field 
strength of the deposited films were determined.
13
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Chapter 2
Effect of Fluorine on PECVD 
Oxide Film
The results of this chapter have been previously published in Applied Physics 
Letters, 72 (10), pp. 1247-1249, 1998 and are reproduced here by permission of the 
American Institute of Physics. Their permission is gratefully acknowledged.
The incorporation of fluorine into Si-O network shows beneficial aspects. It 
shows better gap-filling property over fluorine-free oxide film [6 ], suppresses the hot- 
electron induced generation of interface traps, and reduces the dielectric constant [23].
In this chapter, the effect o f fluorine on PECVD Si0 2  films are discussed by 
comparing the chemical and electrical properties of the SiOF films with those of Si0 2  
films that are produced under the same process conditions without fluorine 
incorporation. In particular, the MOS capacitors were fabricated using the films by 
standard photolithography technique to compare the electrical properties of the films. 
The results of FTIR spectroscopy, high frequency C-V, and I-V measurements are 
discussed.
14
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2.1 Experiment
The deposition of the SiC>2 and SiOF Films was carried out in a Plasma Therm 
PECVD system model VII-70 with 2.54 cm electrode and 13.56 MHz operating rf. One 
side polished, boron doped 4  inch silicon wafers with (100) orientation and resistivity of 
5-15 £2-cm were used as the substrates. The wafers were cleaned by standard RCA 
cleaning procedure [21] before they were loaded into deposition chamber. The substrate 
temperature was maintained at 30 °C during the deposition process. The SiOF films 
were deposited by flowing 20 seem of CF4 into the deposition chamber of Si0 2  films 
using 40 seem of Si2H6 (5% in He) and 100 seem of N2O. The process pressure and rf 
power were maintained at 700 mTorr and 50 W, respectively. The thickness of the films 
was measured using an Applied Materials ellipsometer model n. The MOS capacitors, 
each with a gate area of 2.29 x  10"3 cm2, were fabricated by standard photolithography 
technique using these films. The FTTR spectra were observed using a Perkin Elmer 
FTIR spectrometer model 1600. The post-metallization anneal (PMA) was carried out 
in H2 (5% in N2) ambient at 400 °C for 30 min. The C-V measurements were performed 
by superimposing a 25 mV ac signal at 1 MHz on a dc voltage with a sweep rate of 20 
mV/sec using a HP 4275A LCR meter. The I-V characteristics were obtained using a 
HP 4140B voltage source and a Keithley 485 picoammeter.
2.2 Results and Discussion
It was observed that the deposition rates of the SiC>2 and SiOF films were 12.1 
and 12.7 nm/min, respectively, with thickness uniformity < ±3%  on 4-inch wafers. It
15
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is suggested that the slight increase in the deposition rate for the SiOF films is due to 
the additional flow of CF4 , whereas the etching effect o f CF4 plasm a was considered to 
be insignificant in this experiment. Meanwhile, the higher etch rate of the as-deposited 
SiOF films (15.2 nm/sec, which was four times higher com pared with that of the as- 
deposited Si0 2  films) in P-etch solution [HF (4 8 % ):HN 0 3  (70%):H2O = 3:2:60] 
indicated a decrease in the film density and an increase o f bond strain due to the 
incorporation of fluorine. It is suggested that the higher etch rate also resulted from the 
increased concentration of HF at the film surface due to fluorine dissolved from the film 
[24],
Figure 2 .1 displays typical FTIR spectra of the Si0 2  and SiOF films with and 
without post-deposition anneal (in N 2 ambient at 400 °C for 30 min), respectively. The 
absorption peaks corresponding to Si-O stretching and bending vibration modes [25] 
were observed for all films at around 1065 and 808 cm*1, respectively. With post­
deposition anneal, the absorption peak at 929 cm ' 1 corresponding to hydroxyl- 
containing (Si-OH) vibration modes [2] for the as-deposited SiC>2 films disappeared;
meanwhile, a weak absorption peak at 940 cm ' 1 corresponding to Si-F stretching 
vibration modes [2, 26] remained for the as-deposited SiOF film s. The larger Si-O 
stretching frequency of the SiOF films compared with that of the Si0 2  films is related to 
larger Si-O bond angle and is accompanied by a smaller refractive index. The smaller 
refractive index is also associated to a decrease in the film density [25], which is 
consistent with the higher etch rate.
16
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Fig. 2.1 FU R  spectra of the Si0 2  and SiOF films deposited at room temperature. The 
numbers in parentheses for the as-deposited Si0 2  and SiOF films indicate the 
absorption peak positions corresponding to Si-O stretching, Si-OH, and Si-O bending 
vibration modes, respectively, followed by refractive index. With post-deposition 
anneal (in N2 ambient at 400 °C for 30 min), the absorption peak corresponding to Si- 
OH vibration modes for the as-deposited Si0 2  films disappeared; meanwhile, a weak 
absorption peak corresponding to Si-F stretching vibration modes remained for the as- 
deposited SiOF films. Tox indicates oxide thickness.
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Table 2.1 shows the relative dielectric constant ( E r )  and effective oxide charge
density (Q0) of the SiC>2 and SiOF films. The relative dielectric constant was calculated 
from the relation er = ToxCox/e Q(where T0 x = oxide thickness, Cox=oxide 
capacitance per unit area, and e0  = permittivity of vacuum) [27]. The relative dielectric 
constant of the as-deposited Si0 2  films was reduced from 5.95 to 4.43 by the 
incorporation of fluorine and with PMA. Being the most electronegative and least 
polarizable on the periodic table, fluorine reduces the number of polarizable Si-OH 
bonds and also causes changes in S i-0 network to a less polarizable geometry. These 
changes resulted in lowering the polarizability o f the SiOF films, thus lowering the 
dielectric constant [2]. The dielectric constant was decreased further with PMA that 
contributed to reduce the number of polarizable Si-OH bonds. Table 2.1 also shows that 
an effective oxide charge density, which was calculated from the voltage shift with 
respect to the work function difference between gate metal and substrate, was 
effectively decreased with the incorporation of fluorine. This fact is attributed to 
replacement of hydrogen or defect-related bonds by fluorine in the Si-O network. In 
particular, the PMA decreased the effective oxide charge density by more than one 
order of magnitude with the incorporation of fluorine.
The interface trap density (Djt) was determined by high frequency Terman 
m ethod. From the experimental measurement o f the gate voltage (Vq ) and the 
corresponding semiconductor surface potential (<I>S), the interface trap density was 
calculated by [28]
18
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TABLE 2.1 Summary of the relative dielectric constant (er) and effective oxide charge 
density (Q0) of the SiC>2 and SiOF films.
As-deposited With PMA
Er Qo (cm-2) Er Qo (cm-2)
S i0 2 5.95 1.07 x lO 12 5.90 5.83 x lO 11
SiOF 5.20 7.42 x lO 11 4.43 5.82X1010
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where q is the magnitude of the electronic charge and Cs( d>s ) is the semiconductor
capacitance per unit area. The interface trap density of the SiOF films as a  function of 
the energy location from the valence band edge (Ev) is compared with our previous 
result for the Si0 2  films [29] in Fig. 2.2. It was observed that the interface trap density 
of the SiOF films also followed W-shape having two minimum values. Two minimum 
values o f the interface trap density for the SiOF films with PMA were 3.30 x 1011 and 
6.92 x 10*1 c m '2eV~l at 0.09 and 0.38 eV above Ev, respectively. These two minimum 
values are smaller by 48 and 31%, respectively, compared with those o f the Si0 2  films 
with PMA.
A ramp J-E characteristic of the MOS capacitors fabricated using the SiOF films 
in Fig. 2.3 was measured by applying negative bias at a ramp rate of 1 V/sec to the gate 
with respect to the substrate and was compared with our previous result for the Si0 2  
films [29]. As a result of PMA on the as-deposited SiOF films, premature electron 
injection at low electric field was reduced significantly, and also the initial leakage 
current was decreased to the same order of PECVD Si0 2  films deposited at 350°C using 
SiH4 as the silicon source [30]. As electrons are injected from the gate, some electrons 
are trapped into bulk traps creating a space charge. At a suitably high current, the 
increase in the internal field of the trapped electron space charge buildup cancels the 
increase due to the voltage ramp [30], thereby causing the "trapping ledge" and 
eventually resulting in destructive dielectric breakdown.
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Fig. 2.2 Interface trap density of the Si0 2  and SiOF films as a function of the energy 
location from the valence band edge.
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Figure 2.4 shows a histogram of such dielectric breakdown occurrences for the 
MOS capacitors fabricated using the SiOF films and our previous result for the Si0 2  
films [29] is also compared. In each case, forty MOS capacitors, each with a film 
thickness o f 80 nm and a gate area of 2.29 x  10~3 cm2, were stressed to breakdown by 
applying negative bias at a ramp rate of lV /sec to the gate. The average breakdown 
field strength for the MOS capacitors fabricated using the as-deposited SiOF films was 
6.55 MV/cm, which is 13% higher than that for the as-deposited Si0 2  films. Moreover, 
the average breakdown field strength was increased to 7.11 MV/cm with PMA. In 
particular, the MOS capacitors fabricated using the SiOF films with PMA showed no 
early failures at field strength of < 3 MV/cm and 79% of the MOS capacitors had 
breakdown field strength of 7 MV/cm or higher resulting in overall shift o f the 
breakdown field distribution to a higher value. This is attributed to the fact that the bulk 
traps which are related to hydrogen incorporation were reduced by the incorporation of 
fluorine.
2.3 Summary and Conclusion
In this chapter, the effect of fluorine on the chemical and electrical properties of 
the room temperature PECVD SiC>2 and SiOF films were discussed. It has been shown 
that the effective oxide charge density and interface trap density were effectively 
reduced by the incorporation of fluorine and with PMA. In particular, the relative 
dielectric constant o f the as-deposited Si0 2  films was reduced from 5.95 to 4.43 due the 
change of Si-O network to a less polarizable geometry. In addition, the breakdown
23
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Fig. 2.4 Histogram of dielectric breakdown occurrences as a function of the applied 
field strength for the SiC>2 and SiOF films. In each case, forty MOS capacitors, each 
with a gate area of 2.29 x 10*3 cm 2, were stressed to breakdown by applying negative 
bias at a ramp rate of 1 V/sec to the gate. EaVg indicates an average dielectric breakdown 
field strength.
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measurements on the MOS capacitors fabricated using the SiOF films with PMA 
showed an increase of an average breakdown Held strength with no early failures at 
field strength of < 3 MV/cm. The significant decrease of the dielectric constant and the 
increase of the breakdown field strength are two of the main effects of fluorine on Si0 2  
films, promising potential capability for interlayer dielectrics.
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Chapter 3
Dependence of SiOF Film 
Properties on Deposition 
Temperature*
*The results of this chapter have been previously published in Journal of 
Vacuum Science and Technology A, 16 (3), pp. 1509-1513, 1998 and are reproduced 
here by permission of the American Institute of Physics. Their permission is gratefully 
acknowledged.
In this chapter, the PECVD SiOF films deposited in the temperature range of 80 
- 220 °C are discussed. In particular, the electrical properties o f the films deposited at 
180 °C, which produced the lowest dielectric constant of 3.75, are discussed in detail.
3.1 Experiment
The process steps and equipment for the deposition of the SiOF films are the 
same as explained in chapter 2. However, in this chapter, the process pressure and rf 
power were maintained at 700 mTorr and 50 W, respectively, with the deposition
26
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temperature varying in the range of 80 - 220 °C to investigate the dependence of 
chemical and electrical properties of the SiOF films on deposition temperature. The 
process gases used were 40 seem of Si2H6 (5% in He), 100 seem of N2O, and 20 seem 
of CF4 . Also, the same structure of MOS capacitors were fabricated as explained in 
chapter 2. All measurements were performed at room temperature using the same 
equipment as explained in chapter 2 .
3.2 Results and Discussion
The deposition and etch rates of the as-deposited SiOF films as a function of 
deposition temperature are shown in Fig. 3.1. Initially, the deposition rate increased 
with increasing deposition temperature and became temperature independent above 140 
°C. The lower deposition rate at lower deposition temperature can be interpreted as the 
relaxation (higher Si-O stretching wave number) o f  the Si-O network during its 
formation due to the reduced surface diffusion of radicals, thus resulting in higher etch 
rate [31]. The deposition rate of the films deposited at 160 °C was 24% higher 
compared with that o f the PECVD Si0 2  films deposited at 350 °C with cham ber 
pressure of I Torr, rf power o f 25 W, and 200, 80, and 1000 seem of N2O, Silt*, and 
He, respectively [30]. It is also known that the deposition rate increases with an increase 
o f total flow rate. The etch rate was obtained by dipping the films into the P-etch 
solution [HF (48%):HNC>3 (70% ):H 20=3:2:60], which is known to be extrem ely 
sensitive to differences in density and bond strain in oxide films [32]. Initially, the etch 
rate of the films decreased with increasing deposition temperature and then became
27
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Fig. 3.1 Deposition and etch rates in P-etch solution o f SiOF films as a function of 
deposition temperature. The flow rates of Si2H6 , N2O, and CF4 were 2, 100, and 20 
seem, respectively.
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almost temperature independent above 120 °C. The higher etch rate at lower deposition 
temperature indicates a decrease in film density, an increase of bond strain, and is also 
related to the shift o f Si-O stretching wave number toward higher value and a decrease 
of the full width at half maximum (FWHM) which will be discussed later. The etch rate 
of the films deposited at temperature above 120 °C was comparable with the value 
obtained for the PECVD Si0 2  films deposited at 350 °C with deposition rate o f 5.2 
nm/min [30].
The FTIR spectra for the as-deposited SiOF Films, each with thickness of about 
140 nm, are shown in Fig. 3.2. It is well known that the characteristic peaks at 
frequencies around 1070 and 800 cm-1 correspond to Si-O stretching and bending 
vibration modes, respectively [6 ]. In the SiOF films, F atoms replace the H atoms 
and/or OH groups of hydrogenated Si0 2  films. As the result, the transmission intensity
corresponding to Si-F stretching vibration mode (935 cm '1) occurs at approximately the 
same frequency as that of the Si-OH vibration mode (920 cm '1) [2]. A gradual decrease 
of transmission intensity corresponding to Si-OH vibration mode was observed with 
increasing deposition temperature. Meanwhile, very weak transmission intensity 
corresponding to Si-F stretching vibration mode remained for temperatures above 160 
°C. The higher transmission intensity corresponding to Si-OH vibration mode also 
explains the lower deposition rate and higher etch rate for the films deposited at lower 
temperatures.
Figure 3.3 shows the Si-O stretching wave number and the FWHM as a function 
of deposition temperature for the as-deposited SiOF films. As mentioned earlier, the
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%shift in the Si-O stretching wave number toward lower value and the corresponding 
increase in the FWHM are related to a decrease of the Si-O-Si bond angle and are 
accompanied by an increase in the film density. For PECVD films, the average Si-O-Si 
bond angle o f the SiOF films is larger compared with the value for the fluorine-free 
silicon oxide films, but still smaller than 144° that is for thermally grown oxide films 
[34], The refractive index observed in our study was almost independent of deposition 
temperature and was same that for thermally grown oxide films. This may suggest the 
presence of voids in the film structure that cause a decrease in the refractive index and 
likely balance the effect of bond angles less than 144° [31]. The flat band voltage ( V f b )  
obtained by high frequency C-V measurements on the MOS capacitors fabricated using 
the SiOF films and the corresponding effective oxide charge density (Q0) are shown in 
Fig. 3.4 as a function of deposition temperature. It is evident that the effective oxide 
charge density, which was calculated from the voltage shift with respect to the work 
function difference between gate metal and substrate, initially increases with increasing 
deposition temperature and becomes temperature independent for temperatures above 
120 °C. The lowest value of the effective oxide charge density obtained at 80 °C was 
1.18x 1 0 10 cm -2; meanwhile a value o f = 7 x  1 0 10 cm~2 was obtained for temperatures 
above 120 °C. As the deposition rate increases with increasing temperature, there may 
be an increased rate of defect formation in the form of non-bridging oxygen [35]. 
Therefore, the larger effective oxide charge density at higher deposition temperature 
may be attributed to the increased interface trap density. The quantitative value of the 
interface trap density will be discussed later.
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Fig. 3.4 Flat band voltage and the corresponding effective oxide charge density as a 
function of deposition temperature. A PMA in H2 (5% in N2) ambient was carried out 
on the films at 400 °C for 30 min.
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Figure 3.5 shows the dielectric constant of the SiOF films as a function of 
deposition temperature. It is known that the dielectric constant decreases with 
decreasing Si-OH bond content and also with addition of fluorine [27, 37]. The addition 
of fluorine into Si-O network reduces the number of polarizable Si-OH bonds and also 
causes changes in Si-O network resulting in a less polarizable geometry as a result of 
fluorine being the most electronegative and the least polarizable element. Compared 
with the dielectric constant of the fluorine-free Si0 2  films deposited using the same 
process conditions [37], the dielectric constant of the SiOF films decreased by about 
12% at lower deposition temperatures (80 - 120 °C). At higher deposition temperatures 
(180 - 220 °C), the dielectric constant lower than 3.9, the value for thermally grown 
oxide, was observed due to the reduced number of Si-OH bonds and addition of 
fluorine. The lowest dielectric constant of 3.75 was obtained at a deposition temperature 
of 180 °C.
The interface trap density (Djt) of the SiOF films deposited at 180 °C was 
calculated by high frequency Terman method [38] and is plotted in Fig. 3.6 as a 
function of the energy level location from the valence band edge (Ev). The interface trap 
density in our study followed W -shape in the lower half o f the band gap with two 
minimum values of 9.98x  10n  and l.lO x  1012 cm -^V *1 at 0.142 and 0.320 eV from the 
valence band edge, respectively. These values are about five to ten times larger than 
those (1 .9 9 x l0 11 and 1 .0 7 x l0 * 1 cm '2eV-*) of the SiOF Films deposited at lower 
deposition temperature (120 °C) under the same process conditions [39]. As the donor 
type interface trap density [40], which is distributed in the lower half of the band gap, is
34
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Fig. 3.5 Dielectric constant of the SiOF films as a  function o f deposition temperature. 
The lowest dielectric constant of 3.75 was obtained for the SiOF films deposited at 180
°C.
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known to contribute to the effective oxide charge density as well as a "stretch out" of 
high frequency C-V curve, the larger interface trap density contributes to the larger 
effective oxide charge density at higher deposition temperature.
A ramp J-E characteristic of the MOS capacitors fabricated using the SiOF films 
deposited at 180 °C is shown in Fig. 3.7. This measurement was carried out by applying 
negative bias (ramp rate= 1 V/sec) to the gate, which caused electron injection from the 
gate. Premature electron injection, which can be reduced by decreasing deposition rate 
[30], occurred at low electric field and then "trapping ledge" was observed before 
breakdown. The "trapping ledge" occurs when the increase in the internal field, which 
was caused by the trapped electron charge buildup, cancels the increase due to the 
voltage ramp resulting in constant electric field near the injecting interface [41]. 
However, destructive dielectric breakdown eventually results in destructive dielectric 
breakdown. The initial leakage current density of 2 x  10*8 Acirr2 is comparable with the 
value measured for the MOS capacitors fabricated using the fluorine-free silicon oxide 
films deposited at 350 °C with deposition rate of 15 nm/min [30].
Figure 3.8 shows a histogram of the dielectric breakdown occurrence as a 
function of breakdown field strength for the MOS capacitors fabricated using SiOF 
films deposited at 180 °C. Forty MOS capacitors, each with a gate area of 2 .29x  10' 3 
cm2 and a film thickness of 80 nm, were stressed to breakdown by applying negative 
bias (ramp rate =  1 V/sec) to the gate. The lowest value of breakdown field strength was 
observed on one MOS capacitor at 4.45 MV/cm and 77.5% of the MOS capacitors 
showed a breakdown field strength of 9.5 MV/cm or higher, resulting in an average
37
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Fig. 3.7 J-E characteristic as a function of applied electric field for the SiO F film s 
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Fig. 3.8 Histogram of breakdown occurrences for the same films as in Fig. 3.7. The 
average breakdown field strength for forty MOS capacitors, each with a gate area of 
2.29 x  10' 3 cm2, was 9.14 MV/cm.
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dielectric breakdown strength of 9.14 MV/cm which is comparable with that for 
thermally grown oxide films. The lack of early failures and high breakdown field 
strength of the SiOF films may be attributed to replacement of Si-OH or defect-related 
bonds by fluorine and are two of the significant benefits of the SiOF films over the 
fluorine-free Si0 2  films.
3.3 Summary and Conclusion
In this chapter, the characteristics of PECVD SiOF films deposited in the 
temperature range of 80 - 220 °C were discussed. The SiOF films were prepared by 
incorporating CF4 as the fluorine source into the deposition process for Si0 2  films with 
Si2H6 and N 2 O. The increasing deposition rate and decreasing etch rate in P-etch 
solution were observed as a function of increasing deposition temperature. The 
decreasing etch rate and the decreasing Si-O stretching wave number with increasing 
FWHM, which were obtained from FTIR spectra, imply increasing film density with 
increasing deposition temperature. The dielectric constant of the films deposited at 180 
°C or higher was lower than that of thermally grown oxide films. In particular, the films 
deposited at 180 °C, which produced the lowest dielectric constant of 3.75, showed 
good electrical integrity as well as high deposition rate promising potential application 
as IMD material in integrated circuits with multilevel metal layers.
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Chapter 4 
Dependence of SiOF Film 
Properties on CF4 Flow Rate*
*The results of this chapter have been previously published in Thin Solid 
Films, 332, pp. 369-374, 1998 and are reproduced here by permission of Elsevier 
Science. Their permission is gratefully acknowledged.
In this chapter, the chemical and electrical properties o f the PECVD SiOF 
films deposited at 180 °C by incorporating various amount of CF4  as the fluorine source 
into the deposition process for Si0 2  films using Si2H6 and N 2 O are discussed. The 
results of F I IK spectra, P-etch rate, high frequency C-V and I-V measurements are 
discussed.
4.1 Experiment
The process steps and equipment for the deposition o f  the SiOF films are the 
same as explained in previous chapters. The process pressure, rf power, and deposition 
temperature were maintained at 700 mTorr, 50 W, and 180 °C, respectively. However,
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in this chapter, 0 -4 8  seem of CF4  was incorporated into the deposition process o f SiC>2 
film using 40 seem of Si2H6 (5% in He), 100 seem of N2O. The same structure of MOS 
capacitors were also fabricated as explained in previous chapters. All measurements 
were performed at room temperature using the same equipment as explained in previous 
chapters.
4.2 Results and Discussion
Figure 4.1 shows the thickness of the SiOF films as a function of the flow rate 
ratio of CF4  to Si2H6 - It was observed that the corresponding deposition rate decreased 
with increasing CF4 flow. It is supposed that the film was etched by CF4 plasma at the 
surface during deposition [36]. A decrease in the deposition rate with increasing CF4 
flow can be interpreted as the relaxation of the Si-O network during its formation due to 
the reduced surface diffusion of radicals, thus resulting in higher etch rate [31]. A 
decrease in the deposition rate is associated with an increase of the Si-O stretching wave 
number and is accompanied by an increase of the Si-O-Si bond angle, which will be 
discussed later. It was also observed that the thickness o f the film without CF4 
decreased by =3.8% as a result o f  post-deposition anneal; meanwhile, the thickness 
slightly increased for the films with flow rate ratio more than 5. The densification of 
film has been reported for insulators using low temperature techniques and is often 
considered to be usual [22,30]. For the films with fluorine, however, post-deposition 
anneal makes fluorine gradually diffusing to the Si-SiC>2 interface, thus allowing 
fluorine to form Si-F bonds by breaking Si-O bonds. As the result, the released oxygen
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Fig. 4.1 Thickness of the SiOF films as a function of the flow rate ratio of CF4 to Si2 H6 - 
The deposition rate decreased with increasing CF4  flow. With post-deposition anneal, 
however, the thickness of the films without CF4 slightly decreased, but the thickness 
slightly increased with the incorporation of CF4 .
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from the broken Si-O bonds reacts with silicon to form Si02 increasing the film 
thickness slightly [26].
The etch rate in P-etch solution [HF(48%):HNO3(70%):H2O =3:2:60] for the 
SiOF films is shown in Fig. 4.2 as a function of the flow rate ratio of CF4 to Si2 H6 . The 
P-etch solution is known to be sensitive in density, bond strain, and impurities in oxide 
films [22]. The etch rate o f the as-deposited films increased from 1.91 to 3.65 nm/sec 
with increasing flow rate ratio from 0 to 24. An increase in the etch rate with increasing 
CF4 flow indicates an increase in the bond strain and a decrease in the film density. It 
has been reported [31] that the Si-O-Si bond angle in the plasma oxides is less than 144° 
observed for thermally grown oxides, therefore bonds become more susceptible to 
chemical attack and are strained compared with thermally grown oxides. As a result of 
post-deposition anneal, however, the etch rate o f  the films decreased by =35%  
compared with that of the as-deposited films due to the decreased bond strain.
Figure 4.3(a) and (b) show the typical FTIR spectra of the SiOF films with 
various flow rate ratio o f CF4 to Si2H6 for the as-deposited and post-deposition 
annealed films, respectively. It is well known that the characteristic peaks at = 1070 and 
810 cm*1 correspond to Si-O stretching and bending vibration modes, respectively [25]. 
It is observed in Fig. 4.3(a) that the absorption peak at =940 cm ' 1 for the as-deposited 
films increased with increasing CF4 flow. Since F atoms replace the H atoms or OH 
groups of hydrogenated Si0 2  films in the SiOF films, the characteristic peak at =940 
cm*1 is believed to be the result of both Si-F stretching and Si-OH vibration modes that
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Fig. 4.3(a) Typical FTIR spectra of the as-deposited SiOF films with various flow rate 
ratio of CF4 to Si2H6 - The characteristic peak at =940 cm*1 for the as-deposited films 
increased with increasing CF4 flow.
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Fig. 4.3(b) Typical FTIR spectra of the annealed SiOF films with various flow rate ratio 
of CF4 to Si2H6 - With post-deposition anneal, the characteristic peak became smaller, 
but still increased with increasing CF4 flow.
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occur approximately at the same frequency, consistent with the near equivalence of the 
masses of F (19 amu) and OH (17 amu) [2]. Meanwhile, considering the fact that only a 
small amount of fluorine desorbed from the SiOF Him when the Him was annealed 
[36], the characteristic peak at *940  cm*1 observed in Fig. 4.3(b) for the films with 
post-deposition anneal corresponds only to Si-F stretching vibration modes. Hence, the 
absorption peak was relatively smaller compared with that of the as-deposited films, but 
still increased with increasing CF4 flow.
Figure 4.4 shows the Si-O stretching wave number and its corresponding 
FWHM for the SiOF films as a function of the flow rate ratio o f CF4  to Si2H6 - It was 
observed that the Si-O stretching wave number increased and its corresponding FWHM 
decreased as the flow rate ratio increased from 0  to 2 0 , whereas those values saturated 
for the flow rate ratio more than 20. It has been reported [25] that an increase of the Si- 
O stretching wave number and a decrease of the FWHM are related to a decrease of a 
refractive index, which explains a decrease in the film density. In our experiment, the 
overall refractive index decreased from 1.53 to 1.51 with increasing flow rate ratio from 
0 to 24. These results are consistent to an increase in the etch rate with increasing CF4 
flow, which indicated a decreasing film density in earlier statement.
Figure 4.5 shows the Si-O-Si bond angle (0 )  of the SiOF films as a function of 
the flow rate ratio of CF4 to Si2H6 . The Si-O-Si bond angle was obtained from the 
equation expressed by [34]
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Fig 4.4 Si-O stretching wave number and its corresponding FWHM for the SiOF films 
as a function of the flow rate ratio o f CF4 to Si2 H6 . Si-O stretching wave number 
increased but its full width at half maximum decreased with increasing CF4 flow.
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Fig. 4.5 Si-O-Si bond angle of the SiOF films as a function of the flow rate ratio of CF4 
to Si2H6 - Si-O-Si bond angle increased with increasing CF4 flow.
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where K is the wave number in cm-1 of absorbed Fl'lK. light due to the Si-O stretching 
vibration modes, a, a ,  and y are constants (5.305 x  10*12 s cm’1, 600 N m*1, and 100 N
n r 1, respectively), and m is the mass of oxygen atom. It was observed that the Si-O-Si 
bond angle increased with increasing CF4 flow, but still smaller than 144° which is for 
the thermally grown oxides. An increase of the Si-O-Si bond angle is associated to a 
decrease in the film density and as also indicated earlier by an increase in the etch rate 
and Si-O stretching wave number and by a decrease of the FWHM.
Figure 4.6 shows the dielectric constant of the SiOF films as a function of the flow rate 
ratio of CF4 to Si2H6 - The dielectric constant (er) was calculated from the relation
£r = T0xC0X/ e 0  (where Tox=oxide thickness, C0 x=oxide capacitance per unit area, 
and e0 =permittivity of vacuum) [27]. It is known that the addition of fluorine into Si-O 
network causes changes in Si-O network to a less polarizable geometry as well as it 
reduces the number o f polarizable Si-OH bonds. The major contributing factors 
explaining the reduction in £r are: i) replacement of strong Si-O bonds with weaker Si-F
bonds, ii) increase o f the Si-O stretching wave number, and iii) decrease in the film 
density [2]. It is noted that these factors have been observed in our experiment. As a 
result, the dielectric constant decreased by 14.5% with an increase of flow rate ratio 
from 0 to 15. However, further decrease of the dielectric constant was not observed for 
the flow rate ratio more than 15.
The flat band voltage (Vfb) and its corresponding effective oxide charge 
density (Q0) of the MOS capacitors fabricated with the SiOF films are shown in Fig. 4.7
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Fig. 4.6 Dielectric constant of the SiOF films as a function of the flow rate ratio o f CF4 
to Si2H6 . The dielectric constant evaluated by high frequency capacitance-voltage 
measurements decreased from 4.13 to 3.52 as the CF4  flow increased.
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Fig. 4.7 Flat band voltage and its corresponding effective oxide charge density for the 
SiOF films as a  function of the flow rate ratio of CF4  to Si2H6 - The flat band voltage 
decreased (i.e., the effective oxide charge density decreased) with increasing CF4  flow.
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as a function o f the flow rate ratio of CF4  to Si2H6 - The flat band voltage was obtained 
by high frequency C-V measurement. The effective oxide charge density was calculated 
from the voltage shift with respect to the work function difference between gate metal 
and substrate. It was observed that the flat band voltage shift decreased (i.e., the 
effective oxide charge density decreased) with increasing CF4 flow. As the deposition 
rate decreases with increasing CF4 flow, defect formation in the Si-SiC>2 interface also 
decreases [35]. Therefore, the decrease o f the effective oxide charge density with 
increasing CF4  flow may be attributed to the decrease of the interface trap density. In 
addition, the increasing electron traps in bulk oxide with increasing CF4  flow, which 
will be shown in Fig. 4.9, may also contribute to the decrease by their compensation.
The interface trap density (DjO o f the SiOF films was calculated by high 
frequency Terman method [42]. The interface trap density for the SiOF films followed 
W-shape [39] in the lower half of the band gap, which is known as donor-type [40], 
with two m inim um  values at =0.15 and 0.35 eV from the valence band edge, 
respectively. Figure 4.8 shows the minimum value at =0.35 eV as a function o f the 
flow rate ratio o f CF4  to Si2H6 - The minimum value increased with increasing flow rate 
ratio from 0 to 5, then decreased with further increase of flow rate ratio. The decrease of 
the interface trap density with increasing CF4 flow is also attributed to fluorine bonding 
to the Si-SiC>2 interfacial dangling bonds as well as due to lower deposition rate.
Figure 4.9 shows a typical J-E characteristic of the MOS capacitors fabricated 
with the SiOF films with various flow rate ratio of CF4  to Si2H6 - This measurement was
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Fig. 4.8 Minimum value of interface trap density (Djt) for the SiOF Films as a function 
of the flow rate ratio of CF4 to Si2 H6 . The interface trap density decreased with 
increasing CF4 flow.
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Fig. 4.9 Typical J-E characteristic for the SiOF films with various flow rate ratio of CF4 
to Si2H6 . The numbers by the symbols indicate the flow rate ratio o f CF4 to Si2H6 . The 
leakage current density decreased with increasing CF4  flow.
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carried out by applying a negative bias (ram p ra te = l  V/sec) to the gate 
(area=2.29 x  1 O' 3 cm 2), which caused electron injection. It was observed that the 
amount of premature electron injection as well as the initial leakage current decreased 
with increasing CF4  flow. The generation of the electron traps is most likely related to 
strained or broken Si-O bonds [43]. Thus, it is supposed that the electron traps in bulk 
oxide increased with increasing CF4 flow, resulting in lower leakage current. However, 
in terms of early failure and breakdown field strength large concentration of fluorine 
caused deterioration in oxide films as summarized in Table 4.1.
For each SiO F film  forty MOS capacitors, which have the typical J-E 
characteristic as shown in Fig. 4.9, were stressed to breakdown. Because of the stronger 
bonding energy o f the Si-F bond (5.73 eV) compared with that of the Si-H bond (3.18 
eV), fluorine bonds at the Si-Si0 2  interface should be more immune to hot electrons 
and show improved resistance to irradiation [5]. With increasing flow rate ratio from 0 
to 10, the early failures for an electric field strength <3.5 MV/cm decreased from 10.0 
to 0%; meanwhile, the average breakdown field strength increased by 5.5%. However, 
as the concentration o f fluorine increases the internal field of the oxide, which was 
caused by the electron traps, also approaches the magnitude for breakdown to be 
initiated [43]. As the result, the average breakdown field strength decreased. It was 
observed that the early failures increased to 15.0% with increasing flow rate ratio from 
10 to 24; meanwhile, the average breakdown field strength decreased by 19.0%. These 
results indicate that medium concentration of fluorine improves the quality of oxide
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TABLE 4.1 Summary o f the early failure and average breakdown field strength for the 
SiOF films with various flow rate ratio of CF4 to Si2H6 . Eavg indicates an average 
breakdown field strength. It was observed that medium concentration of fluorine 
increased an average breakdown field strength with low early failures.
CF4/Si2H6 Early failure (<3.5 MV/cm) EaVg (MV/cm)
0 10 .0 % 8 .6 6
5 5.0% 8.56
10 0 9.14
15 5.0% 8.35
2 0 12.5% 7.81
24 15.0% 7.40
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film in terms of early failure and breakdown Held strength, whereas large concentration 
of fluorine deteriorates it.
4.3 Summary and Conclusion
In this chapter, the electrical properties as well as the chemical properties o f the 
PECVD SiOF films with various amount of CF4 were discussed. In summary, with 
increasing CF4 : i) deposition rate decreased, ii) etch rate increased, iii) absorption 
intensity for the Si-F stretching vibration modes increased, iv) Si-O stretching wave 
number increased and its corresponding FWHM decreased, v) dielectric constant 
decreased, vi) effective oxide charge density decreased, vii) interface trap density 
decreased, and viii) premature electron injection and leakage current decreased. In 
addition, it was observed that medium concentration of fluorine increased an average 
breakdown field strength with low early failures. The film stability yet to be 
investigated in further study, the SiOF film deposited with flow rate ratio o f CF4 to 
Si2H6 at 15 exhibited good electrical integrity with a dielectric constant o f about 3.5. 
Combined with copper, this moderate low-k dielectric is promising [44] as an IMD 
material in integrated circuits with multilevel interconnections.
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Chapter 5
Improvement of Moisture 
Resistance SiOF Film by Adding 
Argon*
♦The results of this chapter have been previously published in the Journal o f The 
Electrochemical Society, 146 (10), pp. 3799-3801 and are reproduced here by permission 
of The Electrochemical Society, Inc. Their permission is gratefully acknowledged.
The PECVD SiOF film has attracted much attention because of its easy 
implementation of low-k dielectric. In PECVD SiOF film, the incorporation of fluorine 
causes changes in Si-O network to a less polarizable geometry resulting in a reduction of 
the dielectric constant [2]. However, it has been known that the PECVD SiOF film is 
susceptible to moisture absorption by the reaction, SiF + H 20  —> SiOH + HF T [7]. In 
case this reaction takes place, it may be observed in degradation of film quality and 
increase of dielectric constant. Although it has been suggested that the SiOF film capped 
with a thin layer o f undoped oxide film could reduce the instability due to the moisture 
absorption [44], there have been little reports about improving the bulk quality of the 
SiOF film. In this chapter, the improvement of the bulk quality of the PECVD SiOF film 
was demonstrated by adding Ar during deposition process of SiOF film. It is supposed
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that [11] metastable Ar atoms can transfer their energy to other reactant gases, thus the 
formation of the SiOF network was promoted. As the result, moisture absorption was 
reduced and accordingly the stability o f the SiOF film was improved. The results o f F l lk  
spectroscopy and ramp I-V measurement are discussed in this chapter.
5.1 Experiment
The process steps and equipment for the deposition of the SiOF films are the same 
as explained in previous chapters. The process pressure, rf power, and deposition 
temperature were maintained at 700 mTorr, 50 W, and 180 °C, respectively. However, in 
this chapter, 50 and 100 seem of Ar were incorporated into the deposition process of 
SiOF film using 40 seem of Si2H$ (5% in He), 100 seem of N2O, and 30 seem of CF4 to 
investigate the effect of Ar. Also, the same structure of MOS capacitors were fabricated as 
explained in previous chapters. All measurements were performed at room temperature 
using the same equipment as explained in previous chapters.
5.2 Results and Discussion
Figure 5.1 displays the FTlR spectra for the SiOF film, which has the dielectric 
constant o f 3.5. The spectrum for the film after 10 month aging test was compared with 
the spectra for the film [45] as-deposited and with post-deposition anneal, respectively. 
The film with post-deposition anneal was exposed in the air ( = 25 °C and 60% humidity)
for 10 month for this aging test. It was observed that Si-OH peak at =920 cm*1, that 
seemed to have disappeared with post-deposition anneal at 400 °C for 30 min, appeared 
again after aging test. However, the peak positions for Si-O stretching and bending 
vibration modes were undisturbed.
Figure 5.2 shows the I-V characteristic for the SiOF films. The film after aging 
test was compared with our previous result [45]. The ramp voltage at the rate o f -1 V/s
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Fig. 5.1 FTIR spectra for the SiOF film before and after aging test. After aging test, Si- 
OH peak, that was not observed before aging test, appeared again.
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Fig. 5.2 I-V characteristic for the SiOF dims before and after aging test. It was observed 
that the film after aging test exhibited larger leakage current at "trapping ledge".
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was applied to the gate area introducing electron injection. Because the following reaction 
may have occurred [9]
SiF + H20  —» SiOH + HF T, [ 1]
it is supposed that the outgoing HF degraded the film quality, thus causing larger amount 
of leakage current at "trapping ledge" [30] compared with the one before aging test
It is supposed that [11] the addition of Ar enhances the formation of the SiOF 
network by transferring metastable energy to reactant gases. As the result, the deposition 
rate of the SiOF film without adding Ar was 1.48 nm/min; meanwhile, those for SO and 
100 seem of Ar added were 1.63 and 1.70 nm/min, respectively.
Figure 5.3 displays the FTIR spectra for the SiOF films before and after boiling in 
DI water. Before boiling, the as-deposited SiOF films were annealed in N2 ambient at 400
°C for 30 min to remove Si-OH bonds that produce corresponding peak at = 920cm 1. It 
was observed that the peak at =940 cm*1 corresponding to Si-F stretching vibration mode 
increased with Ar added, which is attributed to stronger Si-F bond. After boiling in DI 
water for moisture absorption, the peak at =920 e n r 1 corresponding to Si- OH vibration 
mode appeared but its relative intensity decreased with Ar added. Therefore, it is believed 
that the resistance against moisture absorption increased with Ar added.
Figure 5.4 shows the increase of refractive indices for the SiOF films after boiling 
in DI water. It was observed that the increase of the refractive indices was smaller for the 
Films with Ar added, which indicates that the films are more resistant against moisture 
absorption.
As shown in Fig. 5.5, the changes of the refractive indices were also measured in 
corresponding dielectric constants o f the films. The dielectric constant (£r) which was 
calculated from the relation e r = ToxCox / e D(where Tox=oxide thickness, Cox=oxide
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Fig. 5.3 FTIR spectra of the SiOF films before and after boiling. It was observed that the 
p e a k  corresponding to Si-F stretching vibration mode increased and accordingly moisture 
absorption decreased with Ar added.
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capacitance per unit area, and eQ = permittivity of vacuum) [27] was lower for the films 
with Ar added, which may be attributed to stronger Si-F bonds. After boiling, the 
dielectric constants for all films increased slightly due to the content of Si-OH bonds.
Figure 5.6 shows the I-V characteristic for the SiOF Films before and after boiling 
in DI water. A dc bias at a ramp rate of -1 V/sec was applied to the gate inducing electron 
injection. Before boiling, the I-V characteristic o f  the film without Ar was not 
differentiated from those for Ar added except the breakdown field strength which will be 
discussed later. After boiling, however, that for without Ar exhibited much larger leakage 
current over entire applied field compared with those for Ar added, which is indicating 
more moisture absorption and degradation of film quality.
For each SiOF film, forty MOS capacitors were stressed to breakdown by 
applying a dc bias at a ramp rate of -1 V/sec to the gate and the results are shown in Fig 
5.7(a) and (b) for the film before and after boiling, respectively. It was observed that the 
distribution of breakdown occurrences was sharper for the film with Ar added. Before 
boiling, for example, the breakdown occurrences for the film without and with Ar were 
70% and >90%, respectively, for the electric field strength of 8.5 MV/cm or higher. 
Considering the fact that the films with Ar added have stronger Si-F bonds, they are more 
immune to hot electron injection. As the result, the average breakdown field strength was 
improved by more than 9%.
5.3 Summary and Conclusion
In this chapter, it was demonstrated that the addition of Ar into the deposition of 
SiOF film improved the stability of film by reducing moisture absorption. It was 
supposed that the addition of Ar enhances the formation of the SiOF network by 
transferring metastable energy to reactant gases. As the result, the overall quality of the 
SiOF film was improved. It is believed that combined with copper, this moderate low-k
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Fig. 5.6 I-V characteristic of the SiOF films before and after boiling. Before boiling, the 
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After boiling, however, that for without Ar exhibited much larger leakage current 
compared with those for Ar added.
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dielectric is promising [46] as an IMD material in integrated circuits with multilevel 
interconnections.
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Chapter 6
Thermal Stability of Cu/Ta/SiOF 
Structure
The reduction of RC time delay is critical in high speed and ultra density 
submicron devices. One of the ways to reduce RC time delay is to use Cu as an 
interconnect metal and SiOF film as an intermetal dielectric. Recently, Cu has drawn 
much attention as a new interconnect metal as a replacement for A1 and its alloys. The 
superior properties of Cu, such as lower resistivity, lower electromigration, and stress 
migration resistance over A1 and its alloys generated m ajor motivation for this 
replacement [17]. Cu causes some problems, however, such as high diffusivity to Si, 
susceptibility to oxidation and corrosion, and high chemical reactivity. Therefore, it is 
necessary to consider a diffusion barrier for Cu in Si integrated circuit application [18]. 
A consideration for the choice of a barrier metal is that it must be metallurgically stable 
with respect to the metal that carries current. Among various barrier metals for Si, Ta is 
one of the most promising barrier metals because of the low diffusion coefficient of Cu 
in Ta and its strong thermodynamic stability [19]. Also, it is known that Ta forms no
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known compounds with Cu, therefore a Cu-Ta contact is expected to be stable up to 
high temperatures [20],
In this chapter, the thermal stability o f Cu/Ta/SiOF structure is discussed.
6.1 Experiment
The process steps and equipment for the deposition o f the SiOF films are the 
same as explained in previous chapters. The SiOF film was deposited by flowing 50 
seem of Ar into the deposition process of SiOF film using 40 seem of Si2H6 (5% in He), 
100 seem of N2O, and 30 seem of CF4 . The rf power, process pressure, and substrate 
temperature were maintained at 50W, 700 mT, and 180 °C, respectively, thus producing 
SiOF film with a dielectric constant of 3.41 [47].
Tantalum and Cu were sputtered onto SiOF substrate at 100 °C by Edwards 
Coating System E306A. Tantalum of 15 nm thickness was deposited onto SiOF 
substrate by dc magnetron sputtering in the power range of 50 -  200 W, then 
immediately without breaking the vacuum, Cu of 160 nm was sputtered onto Ta layer 
using rf power o f 200 W. Argon of 50 seem was used as the sputtering gas and its 
pressure was maintained at 10 mTorr during deposition. To investigate the electrical 
properties, MOS capacitors were fabricated by standard photolithography technique. To 
investigate the thermal stability of the films, the films were annealed in the temperature 
range of 300 -  800 °C for 1 hr in N2 ambient. The resistivity o f the films was measured 
by Veeco model FPP-100 four point probe. The x-ray diffraction (XRD) pattern o f the 
films was characterized by Rigaku XRD analysis system . The C-V and I-V
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measurements were performed using the same equipm ent as explained in previous 
chapters. AH measurements were carried out at room temperature.
6.2 Results and Discussion
Figure 6 .1 shows the deposition rate of Ta on SiOF substrate as a function of dc 
target power and its corresponding resistivity. It was observed that the deposition rate of 
the film almost linearly increased with increasing target power. Meanwhile, the 
corresponding resistivity abruptly decreased as the target power increased from 50 to 
100 W, then, remained almost constant up to 200 W. Lowest resistivity of 93 |iX2-cm
was observed for the film sputtered at 150 W. Since oxygen or hydroxyls on the 
substrate surface have been found to play a role in the nucleation of P-Ta [48], it is
believed that P-Ta has been formed.
Figure 6.2 shows the resistivity of the Ta/SiOF and Cu/Ta/SiOF structures, 
respectively, as a function o f annealing temperature. For the deposition of 15 nm Ta 
onto SiOF substrate, a dc power of 150 W that produced the lowest resistivity was used. 
It was observed that the resistivity of the Ta/SiOF structure remained almost constant 
up to 700 °C, then increased after annealing at 800 °C. Meanwhile, the resistivity of the 
Cu/Ta/SiOF structure decreased upon annealing up to 700 °C, then an increase was 
observed after annealing at 800 °C. For the annealing up to 700 °C, it is likely that there 
was not a significant change in the grain size o f Ta considering the fact that Ta is 
refractory metal, thus showing almost the same resistivity for Ta/SiOF structure. 
However, a decrease of the resistivity of the Cu/Ta/SiOF structure suggests a decrease
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annealing temperature. The thickness of Ta and Cu is 15 and 160 nm, respectively.
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in defect density and an increase of the grain size in the Cu layer [49]. For the annealing 
after 800 °C, an increase of the resistivity o f both structures suggests that a resistive 
material is formed.
Figure 6.3(a) and (b) exhibit XRD spectra of the Ta/SiOF and Cu/Ta/SiOF 
structures, respectively, which showed resistivity as in Fig. 6.2. For the as-deposited 
Ta/SiOF structure, the characteristic peaks for P-Ta (002) and (202) [50] were observed.
After annealing at 700 °C, however, several characteristic peaks for TaSi2  (100), (101), 
(200), and (112) [50] were observed as well as the peak for p-Ta (202). After annealing
at 800 °C, the characteristic peaks for TaSi2 , which are believed to have caused the 
increase of resistivity, were dominant. For the as-deposited Cu/Ta/SiOF structure, the 
characteristic peaks for P-Ta (002), (202), Cu (111), and (200) [18,50] were observed.
After annealing at 700 °C, relatively weaker characteristic peaks for T aS i2 were 
observed as well as large Cu peaks. After annealing at 800 °C, however, the peaks for 
TaSi2 became relatively stronger and the characteristic peak for TasSi3 (210) [50] 
appeared. It is noted that the formation of Cu silicide that was observed after annealing 
at 600 -  750 °C for the Cu/Ta/Si structure [49,50] was not observed in this case. Thus, it 
is assumed that the formation of Ta silicide is a major cause of barrier failure in 
Cu/Ta/SiOF structure.
Figure 6.4 exhibits typical high frequency C-V characteristics obtained from the 
MOS capacitors fabricated using Cu/Ta/SiOF structure which showed the resistivity as 
in Fig. 6.2. It was observed that the MOS capacitors functioned properly after annealing
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at 700 °C, however, they failed after annealing at 800 °C indicating SiOF film did not 
function as an insulator.
Figure 6.5 exhibits typical I-V characteristics obtained from the MOS capacitors 
that showed the C-V characteristics as in Fig. 6.4. It was observed that the overall 
leakage current of the MOS capacitors after annealing at 800 °C was much larger than 
those for the as-deposited and annealed at 700 °C. Also, their breakdown field strength 
was much lower than the others. These results are consistent with the results observed 
in C-V characteristics.
6.3 Summary and Conclusion
In this chapter, the thermal stability of Cu/Ta/SiOF structure was discussed. The 
results of four point probe measurement, XRD, C-V, and I-V measurements suggested 
that Ta works as a diffusion barrier between Cu and SiOF film up to 700 °C. It is 
supposed that the major cause o f barrier failure after annealing at 800 °C is the 
formation of Ta silicide. It is believed that Ta is promising as a diffusion barrier that 
combines Cu with SiOF film as an IMD material.
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Chapter 7 
Summary and Conclusion
The chemical, physical, and electrical properties o f PECVD SiOF films were 
studied. The thermal stability of Ta as a diffusion barrier was, then, studied to combine 
Cu with the optim ized SiOF film for a possible application to IMD material in 
semiconductor industry.
For the films deposited at room temperature, it has been shown that the effective 
oxide charge density and interface trap density were effectively reduced by the 
incorporation of fluorine and with PMA. In particular, the relative dielectric constant of 
the as-deposited Si0 2  films was reduced from 5.95 to 4.43 due the change o f Si-O 
network to a less polarizable geometry. In addition, the breakdown measurements on 
the MOS capacitors fabricated using the SiOF films with PMA showed an increase of 
an average breakdown field strength with no early failures at field strength o f  < 3 
MV/cm. The significant decrease of the dielectric constant and the increase o f the 
breakdown field strength are two of the main effects o f fluorine on Si0 2  films, 
promising potential capability for interlayer dielectrics.
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For the SiOF films deposited in the temperature range of 80 - 220 °C, as a 
function of increasing deposition temperature it was shown that: (i) deposition rate 
increased, (ii) etch rate decreased, (iii) Si-O stretching wave number decreased, and (iv) 
FWHM increased, which imply increasing film density with increasing deposition 
temperature. The dielectric constant o f the films deposited at 180 °C or higher was 
smaller than that of the thermally grown oxide films. In particular, the films deposited at 
180 °C, which produced the smallest dielectric constant of 3.75, showed good electrical 
integrity as well as high deposition.
For the SiOF films deposited at 180 °C by incorporating various amount of CF4 , 
with increasing CF4 it was shown that: i) deposition rate decreased, ii) etch rate 
increased, iii) absorption intensity for the Si-F stretching vibration modes increased, iv) 
Si-O stretching wave number increased and its corresponding FWHM decreased, v) 
dielectric constant decreased, vi) effective oxide charge density decreased, vii) interface 
trap density decreased, and viii) premature electron injection and leakage current 
decreased. In addition, it was observed that medium concentration of fluorine increased 
an average breakdown field strength with low early failures. The SiOF film deposited 
with flow rate ratio of CF4 to Si2H6 at 15 exhibited good electrical integrity with a 
dielectric constant of about 3.5.
It was demonstrated that the addition of Ar into the deposition o f SiOF film 
improved the stability of film by reducing moisture absorption. It was supposed that the 
addition of Ar enhances the formation o f the SiOF network by transferring metastable
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energy to reactant gases. As the result, the overall quality o f the SiOF film was 
improved producing lower dielectric constant.
The study of thermal stability o f Cu/Ta/SiOF structure showed that Ta works as 
a diffusion barrier between Cu and SiOF film up to 700 °C. It is supposed that the major 
cause of barrier failure after annealing at 800 °C is the formation of Ta silicide. It is 
believed that Ta is promising as a diffusion barrier that combines Cu with SiOF film as 
an IMD material.
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